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The nucleotide sequence of gene 6 encoding the rotavirus major capsid protein VP6 of EDIM strain (EW) was determined
and compared to that of 20 previously reported strains with known subgroup specificities. Multiple alignments of amino
acid sequences exhibited a high level of sequence conservation (87 to 99.2%). Site-specific mutagenesis experiments were
undertaken to localize regions involved in subgroup specificity. Amino acid positions 305, 315, and a region 296–299 (or
301 for equine strain H-2) were identified as contributing to subgroup epitopes. A single amino acid mutation at position
305 or 315 was sufficient to change the subgroup specificity of EW VP6 protein from non I/II to subgroup I- or subgroup
II-like, respectively. Mutation at these sites may be another important mechanism for subgroup variation, along with gene
reassortment. q 1997 Academic Press
et al., 1988; Hofer et al., 1987; Ito et al., 1995; Lopez andINTRODUCTION
Arias, 1993; Palombo and Bishop, 1994; Rohwedder et
The group A rotaviruses have three distinct antigenic al., 1993; Tarlow and McCrae, 1990). Among these se-
specificities: group, subgroup, and serotype. Both group- quences, the majority are SGI or SGII with only one or a
specific and subgroup-specific antigenic determinants few representatives each of the subgroups I/II (e.g., Eq/
are located on the inner capsid protein, VP6. The sub- F1-14) and non I/II (e.g., Eq/H-2).
group epitopes allow the classification of these viruses To identify specific subgroup determinants, we examined
into four subgroups (SG): SGI, SGII, SGI/II, or SG non I/ the sequence of another SG non I/II rotavirus EDIM strain
II, depending on the presence or absence of antigens, (EW) murine rotavirus, selected amino acids that were likely
called I and II (Estes and Cohen, 1989). Two monoclonal to be important in conferring subgroup specificity, and de-
antibodies (mAbs) that specifically react with SGI (mAb fined the precise role of these amino acids in subgroup
255/60) or SGII (mAb 631/9) strains were isolated in the determination using site-directed mutagenesis. Previous
early 1980s by Greenberg et al. (1983) and have been studies using a variety of antigen assay systems, including
widely used for the characterization of animal and human immune adherence hemagglutination assay (IAHA), radio-
rotavirus strains in epidemiological studies (Kapikian and immunoassay (RIA), and enzyme-linked immunosorbent
Chanock, 1996) and subgroup epitope mapping studies assay (ELISA), have indicated that the EW strain belongs to
neither SGI nor SGII (Greenberg et al., 1983). In the current(Liprandi et al., 1990; Lopez et al., 1994).
study, we verified that the EW strain belongs to subgroupEfforts have been made previously to locate subgroup-
non I/II by radioimmunoprecipitation assay (RIPA).determining regions by comparing the VP6 amino acid
To localize more precisely the positions of amino acidsequences of strains that belong to different subgroups
residues that are most likely to be responsible for sub-(Gorziglia et al., 1988; Ito et al., 1995) and by constructing
group epitopes and investigate how the antigenic diver-chimeric and mutant VP6 proteins (Lopez et al., 1994).
sity of gene 6 might have evolved in this segmentedMany nucleotide sequences of gene 6 of different rotavi-
virus, we focused on 5 residues in hypervariable regionsrus strains have been determined within the past 12
at positions 172, 305, 315, 339, and 348, and one regionyears (Both et al., 1984; Burke et al., 1994; Cohen et al.,
between residues 296 and 299. Mutations were intro-1984; Estes et al., 1984; Gonzalez et al., 1995; Gorziglia
duced at these positions by oligonucleotide-directed
site-specific mutagenesis.
1 The nucleotide sequence data reported in this paper have been
MATERIALS AND METHODSsubmitted to the GenBank nucleotide sequence database and have
been assigned Accession No. U36474. Reverse transcriptase-polymerase chain reaction
2 To whom correspondence and reprint requests should be ad- (RT-PCR)
dressed at Division of Gastroenterology, MSLS P304, Stanford Univer-
Viral RNA was extracted from viral stock using thesity School of Medicine, Stanford, CA 94305-5487. Fax: (415) 852-3259.
E-mail: ml.hbg@forsythe.stanford.edu. RNeasy procedure (Qiagen, Chatworth, CA). Oligonucle-
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otide primers for PCR were based upon the comparative tions 299 and 300, in addition to the substitution of ala-
nine (A) for threonine (T) at position 305 (e.g., D3). Amonganalysis of nucleotide sequences of gene 6 of 19 strains
of group A mammalian rotavirus (data not shown). The these 9 mutagenic primers, the different new restriction
sites were introduced by virtue of the silent mutations inprimers were designed to obtain BamHI restriction sites.
The 5*-oligonucleotide was 5*-GGGATCCGGCTTTTA- the adjacent codons for D1, D2, D4, D7, D8, D9, and
D10 to facilitate screening and confirm mutations. TheAACGAAGTC-3* and the 3*-oligonucleotide was 5*-
TGGATCCGAATTCGGTCACATCCTCTCACTA-3*. Addi- tenth mutant D6, in which the phenylalanine (F) at posi-
tion 308 was replaced by a serine (S), resulted duringtional internal primers of both directions were designed
to obtain accurate sequence data. mutagenesis to create mutant D5.
Synthetic oligonucleotide primers containing theFor reverse transcription, 1 mg of viral double-stranded
RNA and 0.2 mg of 3*-oligonucleotide were treated with amino acid change of interest were annealed to the uri-
dine-substituted single-stranded template and treated1 ml methylmercuric hydroxide (Sigma) at room tempera-
ture for 5 min. The denatured RNA template, reverse with T7 DNA polymerase and T4 DNA ligase and intro-
duced into a wild-type strain of Escherichia coli. All 10transcriptase SuperScript II RT (Life Technologies, Gaith-
ersburg, MD), and the 3*-primer were combined with the mutants were identified by specific restriction enzyme
digestions, isolated, and sequenced by Sanger’s dideox-reagents in the RT-PCR kit from Perkin–Elmer (Foster
City, CA) to produce first-strand cDNA. The reaction was ynucleotide chain termination method (Sanger et al.,
1977).carried out at 427 for 30 min. Five microliters of reaction
product was used in the subsequent PCR. Amplification
of the cDNA was accomplished in 30 cycles with a three- Expression analysis
step program consisting of 947 for 1 min, 507 for 1 min,
and 727 for 2 min. The expected 1.38-kb PCR product The vaccinia virus T7 polymerase infection/transfec-
tion expression system (Elroy et al., 1989; Fuerst et al.,was purified by electrophoresis in a 0.8% low melting
agarose gel. 1986) was used to analyze wild-type and mutant VP6
molecules. This system allows for rapid, high-level ex-
Cloning and sequencing pression of VP6 trimers [see control lanes (EW and RF)
of Fig. 3]. The 10 mutant VP6 genes were subcloned
The 1.38-kb PCR product was cloned into the BamHI
from pBluescript KS/ into the T7-polymerase promoter-
site of Bluescript II KS/ phagemid (Stratagene, La jolla,
containing vector, pTM1 (kindly provided by Dr. B. Moss).
CA) and sequenced by Sanger’s dideoxynucleotide chain
We used the NcoI and XhoI sites and the NcoI’s ATG as
termination method (Sanger et al., 1977). The sequence
the initiator ATG of the target gene. This strategy resulted
was verified on an ABI automated DNA sequencer
in better expression of VP6, compared to other cloning
(model 373A) using dye-labeled terminator chemistry.
sites. Baby hamster kidney (BHK) cells were infected for
60 min with recombinant vaccinia virus expressing T7Site-directed mutagenesis
polymerase and then transfected (LipofectAMINE; Life
Technologies, Gaithersburg, MD) with the plasmid pTM1Oligonucleotide-directed site-specific mutagenesis
was used to alter amino acids of the EW VP6 protein at bearing the various EW VP6 constructs. After 5 hr of
incubation at 377, the cells were placed in cysteine- andpositions 172, 305, 315, 339, 348, and one region 296–
299. The previously described methods (Kunkel et al., methionine-free media (Life Technologies) for 30 min.
The cells were radiolabeled with Translabel (ICN; Irvine,1987; Vieira and Messing, 1987), using M13-derived vec-
tor pBluescript KS(/), were applied. CA) at 25 mCi/ml for 1.5 hr. Cells were harvested and
VP6 was immunoprecipitated as described below.A total of 9 mutagenic oligonucleotide primers was
synthesized to introduce the following amino acid substi-
tutions into EW VP6 (summarized in Table 1): an alanine Radioimmunoprecipitation assay (RIPA)
(A) or a methionine (M) at position 172 for mutants D1
and D2; an alanine (A), an asparagine (N), or an aspartic Cell pellets were lysed and treated as described pre-
viously (Ishida et al., 1997). Radioimmunoprecipitationacid (D) at position 305 for mutants D3, D5, or D7, re-
spectively; and a glutamine (Q), an asparagine (N), or an assay with the subgroup-specific mAbs SGI, SGII, and
the group-specific mAb 5E6 was carried out at 47 over-alanine (A) at positions 315, 339, or 348 for mutants D8,
D9, and D10, respectively. The VP6 positive-stranded night. The samples were washed once with lysis buffer
and once with RIPA buffer [20 mM HEPES (pH 7.4), 130RNA encodes a protein of 397 amino acids in all strains,
with the exception of strain Eq/H-2 in which it encodes mM NaCl, 0.5% NP-40, 0.5% Triton X-100, 0.1% SDS].
Samples were resuspended in 20 ml of 21 Laemmli pro-a protein of 399 amino acids [two extra residues, proline
(P) and glutamine (Q), inserted at positions 299 and 300 tein gel buffer and boiled for 5 min, then applied to SDS–
PAGE stacking gels (4% top and 9% bottom). Autoradio-(Gorziglia et al., 1988; Ito et al., 1995)]. For double mutant
D4, proline (P) and glutamine (Q) were inserted at posi- grams were obtained. The relative percentages of mutant
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TABLE 1
Mutations Introduced into EW VP6 at Conserved Residues and Their New Restriction Sites as the Selection Markersa
Amino acid residues
Mutant Silent
D marker 172 296–299 305 308 315 339 348
D1 BglII Q r A
D2 BglII Q r M
D3 BsoFI T r A
D4 HindIII insertion of PQ T r A
D5 BsmI T r N
D6 BsmI T r N F r S
D7 AccI T r D
D8 FspI E r Q
D9 NheI S r N
D10 NheI S r A
a Amino acid point mutations are depicted with one-letter symbols. The arrows point from the native to the substituted amino acid.
proteins that were immunoprecipitated were determined group (Fig. 1). We observed a high degree of homology
using a laser densitometer (LKB Ultroscan XL). (87% or more) among the mammalian strains, including
humans, with the exception of bovine strain 993/83 that
Sequence analysis had avian features. Avian strain Av/Po-13 exhibited sur-
prisingly low homology with the other rotavirus strainsMultiple alignments of VP6 amino acid sequences and
(65–70%). EW VP6 shared the greatest amino acid se-hydropathy profiles were obtained using DNASIS (Hitachi
quence homology with SGI human, simian, and bovinesoftware, San Bruno, CA). Phylogenetic analysis was per-
strains (94–95%). There was 93% homology with SG nonformed with the WPI algorithm program PileUp of Wis-
I/II equine H-2 VP6, 91–92% homology with SGII humanconsin Package version (9.0), Genetics Computer Group
and porcine (Gottfried) strains, and 89–90% homology(GCG) (Madison, WI) (Needleman and Wunsch, 1970).
with SGI porcine and SGII porcine (CN86).
A high degree of homology (90–99.2%) was observedRESULTS AND DISCUSSION
among the strains that belong to the same subgroup.
EW gene 6 has a sequence of 1362 bp containing a A somewhat lower degree of homology (87–95%) was
single long open reading frame that encodes a protein observed among those strains that belong to different
of 397 amino acids (calculated total MW 44911). To deter-
subgroups, as previously reported (Gorziglia et al., 1988).
mine likely surface epitopes of EW VP6 in the absence
In general, the highest degree of homology was found
of information on its tertiary structure, we examined its
among viruses of the same species and subgroup.
hydropathy profile and used it as a proxy measure of
To investigate further the relationship of speciesbasic structural features. Highly hydrophilic regions sug-
with subgroup specificity, we selected 15 strains fromgested surface locations that could contribute to the anti-
different species of mammalian rotaviruses with differ-genic determinants. By comparing the hydropathic plot
ent subgroup specificities for genetic divergence anal-of the EW strain VP6 with that of strains belonging to the
ysis (Table 2).same (Eq/H-2, SG non I/II) or different subgroups (Bo/
The mammalian strains of rotavirus exhibited high lev-RF, SGI; Hu/Wa, SGII; Eq/F1-14, SGI/II), we found similar
els of amino acid sequence conservation (89–99.2%).high hydrophilicity profiles at amino acid positions 295
Diversity was evident among the strains from differentto 315. Previous reports have suggested that an antigenic
species despite similar subgroup features. For example,domain, defined by the reactivity of SGI-specific mAb
the genetic divergence between two SGI bovine strains255/60 (mAb SGI) and SGII-specific mAb 631/9 (mAb
(UK and RF) is 1.27%, but the genetic divergence in-SGII), is formed by at least two regions of the protein
creases to 9.37 to 10.53% when these bovine strains arelocated around amino acids 172 and 305 and that amino
compared to three porcine SGI strains (4S, 4F, and YM).acids 315, 339, and 348, in the carboxy terminal region
Similarly, the genetic divergence among four SGI strainsof the protein, could be involved in determining SGII
of human rotavirus (I321, IS2, S2, and 1076) is 1.52–specificity (Gorziglia et al., 1988; Lopez and Arias, 1993;
2.82%, but when these human strains are compared toLopez et al., 1994).
three porcine SGI strains (4S, 4F, and YM) the geneticThe deduced amino acid sequence of EW VP6 was
divergence increases to 9.09 to 10.53%. However, por-compared with that of all 19 other published mammalian
strains and one avian strain belonging to a known sub- cine strains YM (SGI) and CN86 (SGII), that differ only by
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five amino acids and have a genetic divergence of 1.27%, might have evolved in this segmented virus and its rela-
tionship with subgroup specificity and genetic relat-demonstrate that closely related gene 6 sequences may
be found in viruses of different subgroups. edness, we located the possible subgroup-defining
amino acids of human rotavirus VP6. We compared eightThe genetic divergence analysis also revealed that
virus strains belonging to the same species are not nec- human strains from two different subgroups with the mu-
rine EW strain and found that 20 amino acids (indicatedessarily the most closely related. For example, four hu-
man SGI strains (I321, IS2, S2, and 1076) are genetically by * in Fig. 1) are subgroup-specific. Among these amino
acids, residues 172, 305, 315, 339, 348, and one regionclosely related to two bovine SGI strains (UK and RF);
the genetic divergence ranges from 0.76 to 3.34%. Fur- between 296 and 299 are the most interesting. An exam-
ple of the patterns of interaction of the subgroup-specificthermore, four human SGII strains (E210, X57943, RV3,
and Wa) are more closely related to three porcine SGI mAbs SGI and SGII with the VP6 of murine rotavirus
mutated in these residues is shown in Fig. 3. The controlstrains, 4S, 4F, and YM, (the genetic divergence ranges
5.75–7.68%), and 2 porcine SGII strains CN86 (5.75– sample, normal EW VP6 protein, was efficiently immuno-
precipitated by group-specific mAb 5E6, but not by either7.12%) and Gottfried (2.3 –2.82%), than four human SGI
strains (7.12–9.95%). mAbs SGI or SGII. Weak reactivity with mAb SGII was
found after longer exposure (24 hr, data not shown) andPhylogenetic analysis of 19 mammalian strains with
different subgroup identities supports the findings of the corresponds to the binding reactivity of murine EW strain
VP6 to mAb SGII by solid-phase RIA as reported pre-genetic divergence analysis and further reveals a cluster-
ing of VP6 sequences according to species origin for viously (Greenberg et al., 1983). Another control, bovine
RF strain VP6 protein, was efficiently immunoprecipitatednonhuman strains. Interspecies relatedness among bo-
vine and human SGI strains and among porcine and by both 5E6 and SGI. The slightly slower electrophoretic
mobility of RF VP6 was a consistent finding although thehuman SGII strains is also evident by this analysis (Fig.
2). These results suggest that bovine and human SGI relative mass of EW VP6 protein (44911) is slightly greater
than that of RF VP6 protein (44809). This unexpectedVP6 proteins may share a common evolutionary pathway
and that human SGII VP6 proteins are genetically more finding is probably attributable to differences in amino
acid composition and negative charges on the aminoclosely related to VP6 proteins of porcine rotavirus (SGI
or SGII) than human SGI. acid side chains.
The most interesting set of mutants includes singleThe profound divergence of mammalian and avian ro-
tavirus VP6 protein sequences (30–35%) suggests that mutants D1 (172 Q r A) and D3 (305 T r A) and double
mutant D4 (305 T r A and an extra P and Q at 299 andavian and mammalian rotaviruses are distantly related
and that exchange of genetic information between these 300). The substitution of an alanine for a threonine at
residue 305 in mutant D3 clearly resulted in immunopre-two branches may not occur or is infrequent. Patton et
al. (1993) predicted that due to the extreme evolutionary cipitation of this VP6 mutant by mAb SGI. A similar, but
less pronounced, shift in reactivity with mAb SGI wasdistance between the NS35 gene of avian Ty-1 strain
and the mammalian rotaviruses, reassortment between seen with D1. However, reactivity with mAb SGI was
abolished by the insertion of P and Q at positions 299avian and mammalian rotaviruses, a potentially rapid
mechanism of viral evolution, is not possible in nature. and 300 (mutant D4). These results help to explain the
non I/II subgroup specificity of Eq/H-2 strain. DespiteThey concluded that the avian rotaviruses may not serve
as a reservoir of genes that allow for antigenic shift in the having the conserved alanine residues at both positions
172 and 305 that would suggest SGI specificity similarmammalian rotaviruses. On the other hand, reassortment
between avian and mammalian rotaviruses has been ob- to RF, the insertion of two extra residues at positions 299
(P) and 300 (Q) in the VP6 of Eq/H-2 abolishes the capac-served at least under laboratory conditions (Kool et al.,
1992). Thus, mechanisms other than reassortment may ity of this VP6 to interact with mAb SGI.
Similarly striking subgroup specificity changes wereplay a role in the evolution of inter- and intraspecies
diversity. observed with mutant D8 (315 E r Q). A single amino
acid substitution of glutamine for glutamic acid at posi-To investigate how the antigenic diversity of gene 6
FIG. 1. Comparison of the deduced amino acid sequences of VP6 from group A rotaviruses. The amino acid sequence of VP6 from the EDIM
strain of murine rotavirus is depicted with one-letter symbols and is aligned with those of VP6 proteins from 19 strains of group A mammalian
rotaviruses: Eq/H-2 and Eq/F1-14 (Gorziglia et al., 1988); Hu/Wa (Both et al., 1984); Hu/RV3 (Palombo and Bishop, 1994); Hu/X57943 (GenBank
Accession No. X57943); Hu/E210 (GenBank Accession No. U36240); Po/Gott (Gorziglia et al., 1988); Po/CN86 (Gonzalez et al., 1995); Po/YM (Lopez
and Arias, 1993); Po/4F and Po/4S (Burke et al., 1994); Hu/1076 (Gorziglia et al., 1988); Hu/S2 (Hofer et al., 1987); Hu/IS2 (GenBank Accession No.
X94617); Hu/I321 (GenBank Accession No. 94618); Si/SA11 (Estes et al., 1984); Bo/RF (Cohen et al., 1984); Bo/UK (Tarlow and McCrae, 1990); Bo/
993/83 (Rohwedder et al., 1993); and one avian strain Av/Po-13 (Ito et al., 1995). Dashes indicate same amino acid as in Mu/EW reference sequence.
n Symbols indicate the positions that were mutagenized. *Symbols indicate the positions of subgroup-specific amino acids of human rotavirus. l
Indicates no amino acid at this position.
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FIG. 2. Phylogenetic relationships among the VP6 proteins of mam-
malian group A rotaviruses. This phylogenetic tree was created by the
WPI algorithm program as described under Materials and Methods.
The clustering relationships were determined from multiple sequence
alignments.
tion 315 was sufficient to confer reactivity of the mutant
EW VP6 protein with mAb SGII.
In a second set of mutants, the substitution of an as-
paragine for a threonine at position 305 (D5) conferred
reactivity with both SGI and SGII mAbs. This mutation
introduces into a SG non I/II VP6 an asparagine at resi-
due 305 that is conserved in SGII human strains as well
as the SGI/II Eq/F1–14 strain. The introduction of a sec-
ond mutation (F r S) at residue 308 (D6) resulted in
abolition of reactivity with either SGI- or SGII-specific
mAbs and dramatically reduced reactivity with the control
mAb 5E6.
Residue 308 is adjacent to a proline residue (309) that
is conserved in all rotavirus strains whose amino acid
sequences and subgroup features are known (Fig. 1). A
single amino acid change from proline to glutamine at
position 309 has been shown to reduce the stability of
VP6 trimers on gels (Shen et al., 1994). Since the epitopes
recognized by these VP6 mAbs are conformational and
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only present on the trimeric form of VP6, it is likely that
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TABLE 3trimerization is associated with positions 308 and 309.
Previous reports have found that trimerization and single- Relative Percentagea of EW VP6 Mutant Proteins Immunoprecipitated
shelled-particle formation were likely to be associated with mAbs SGI, SGII, or 5E6
with certain conserved areas of VP6, namely amino acids
mAbs154 to 179, 251 to 310, and 353 to 397 (Tosser et al., 1992)
VP6or that amino acid residues 105 to 328 are important for
protein SGI SGII 5E6
conformational changes that lead to subgroup-specific
antigenic presentation of VP6 (Clapp and Patton, 1991). EWb 4.80 8.96 100
RFb 121.18 6.60 100In mutants D2 (172 Q r M), D7 (305 T r D), D9 (339
D1 19.42 6.45 100S r N), and D10 (348 S r A), no significant changes of
D2 4.82 8.07 100reactivity with mAbs SGI and SGII were observed as the
D3 86.90 10.18 100
result of a single codon substitution. D4 5.95 10.07 100
The relative percentages of mutant proteins immuno- D5 27.41 35.60 100
D6 N/D N/D N/Dprecipitated with mAbs SGI, SGII, or 5E6 are given in
D7 3.27 1.64 100Table 3. These quantitative measurements represent the
D8 8.90 86.36 100average of two complete sets of experiments and com-
D9 3.87 7.22 100
plement the visual analysis of the autoradiograms from D10 6.58 6.49 100
the immunoprecipitation studies (Fig. 3).
a Average values of two sets of representative immunoprecipitations.These results suggest that specific amino acids at
b Positive controls. N/D, not detectable.positions 305 and 296–299 contribute to determining the
subgroup I epitope and the residue at position 315 contri-
butes to determining the subgroup II epitope. The regions it is reasonable to speculate that the accumulation of
around amino acid 308 and 172 may also contribute to point mutations may be an important evolutionary mecha-
the formation of an antigenic domain in the trimeric form nism, in addition to gene reassortment, for this seg-
of VP6. Since specific single amino acid mutations at 3 mented virus to maintain genetic diversity. Given that
positions of 20 possible subgroup-specific amino acids VP6 proteins of porcine SGI strains are genetically more
can alter subgroup specificities of the EW VP6 protein, closely related to those of human SGII strains than to
other SGI VP6 proteins, it is tempting to speculate that
these genes were originally SGII in specificity and under-
went point mutations rather than gene reassortment to
gain their current SGI antigenicity.
VP6 is the major structural component of virions and
has been found to interact extensively with the rotavirus
hemagglutinin, a dimer of VP4, prior to their association
with the rough endoplasmic reticulum membrane (Shaw
et al., 1993). The VP6 mutants presented in this work
may be a useful tool with which to study rotavirus mor-
phogenesis. These mutants may also provide new ap-
proaches to further investigate the interaction of rotavirus
cores with the ER membrane that involves NS28 as the
receptor and VP6 as the ligand (Meyer et al., 1989). It
has not yet been determined whether SGI or II VP6 pro-
teins have higher binding affinity for specific NSP4 pro-
teins.
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